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ABSTRACT OF THE DISSERTATION

NEUROENDOCRINE CONTROL OF A
DYNAMIC COMMUNICATION SIGNAL
by
Susan J. Allee
Florida International University, 2007

Miami, Florida
Professor Philip K. Stoddard, Major Professor
Multiple physiological systems regulate the electric communication signal of
the weakly electric gymnotiform fish, Brachyhypopomuspinnicaudatus.Fish
were injected with neuroendocrine probes which identified pharmacologically
relevant serotonin (5-HT) receptors similar to the mammalian 5-HT1AR and
5-HT2AR. Peptide hormones of the hypothalamic-pituitary-adrenal/interrenal
axis also augment the electric waveform. These results indicate that the
central

serotonergic

system

interacts

with

the

hypothalamic-pituitary-

interrenal system to regulate communication signals in this species.
same neuroendocrine

probes were tested

in females before

and

The
after

introducing androgens to examine the relationship between sex steroid
hormones,

the

modulations.

serotonergic

system,

melanocortin

peptides,

and

EOD

Androgens caused an increase in female B. pinnicaudatus

responsiveness to other pharmacological challenges,

particularly to the

melanocortin peptide adrenocorticotropic hormone (ACTH). A forced social

vi

challenge

paradigm

was

administered

to

determine

if androgens

are

responsible for controlling the signal modulations these fish exhibit when
they encounter conspecifics.

Males and females responded similarly to this

social challenge construct, however introducing androgens caused implanted
females to produce more exaggerated responses. These results confirm that
androgens enhance
response

an individual's capacity to produce an exaggerated

to challenge, however another

unidentified factor appears to

regulate sex-specific behaviors in this species. These results suggest that the
rapid electric waveform modulations B. pinnicaudatusproduces in response
to conspecifics are situation-specific and controlled by activation of different
serotonin receptor types and the subsequent effect on release of pituitary
hormones.
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CHAPTER 1. INTRODUCTION

Behavior changes as the result of ceaseless interactions between
Communication is

organisms and their social and physical environments.

one mechanism organisms use to optimize these interactions. The American
Heritage Dictionary of the English Language defines communication as "the
transfer of information from one molecule, cell, or organism to another, as by
chemical or electrical signals or by behaviors" (2000).

Yet in physiological

terms, execution of any behavior requires integrated control of information
transfer to occur across all of these levels. Understanding how information is
transferred

across

understanding

how

all biological
specific

levels

behaviors,

of organization
including

is the

key to

communication,

are

produced and controlled. The following chapters summarize the results of a
research program designed to clarify the neuroendocrine mechanisms that
produce and control a unique communication signal that changes in response
to the social environment.
MODEL SYSTEM & RATIONALE

Brachyhypopom us pinnicaudatus(Hopkins, 1991) is a South American
weakly electric knifefish.

Gymnotiform knifefish are small, eel-shaped

nocturnal fish that produce a species-specific weak electric organ discharge
(EOD) using a collection of modified muscle cells, or electrocytes. These cells
are organized both in series and parallel to form the electric organ, which
runs almost the entire length of the body in this species.
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The EOD can be

measured simply by placing recording electrodes in water with the fish
swimming and behaving normally;

thus I am able to

quantitatively,

objectively, and non-invasively measure changes in behavior in real time.
Each individual EOD that is produced corresponds precisely to neuronal
activity in the hindbrain pacemaker nucleus

and individual waveform

characteristics

action

reflect

characteristics

of the

potentials

in

the

electrocytes. These direct connections between anatomy, physiology, and the
resulting behavior make the EOD an incredibly powerful tool for studying the
central and peripheral neuroendocrine control of behavior.
The EOD is used primarily for navigation; however it also functions as
a communication signal.

Waveform characteristics such as amplitude and

duration convey information about the signaler such as species identity, sex,
and social status to other electroreceptive fish (Hagedorn, 1986; Lissman,
1958, 1961). B. pinnicaudatusproduces a biphasic, sinusoidal EOD that can
be characterized in terms of peak-to-peak amplitude (mV cm-)
(ms) of the entire waveform or of either phase individually.
EODs continuously
characteristics.

and are

and duration

These fish emit

specialists at modulating their waveform

EOD modulations occur along time courses that range from

short-term, rapid changes (milliseconds), to changes that occur over hours or
days (intermediate time course), to long term or seasonal changes.
In addition to displaying considerable plasticity and modulability in
their waveforms, EODs generated by gymnotiform electric fish are often

2

sexually dimorphic and the sex differences in their electric signals are
controlled by steroid hormones (Zakon, 1993). Males produce EODs that are
typically greater in amplitude and have longer second phase durations (TP2)
than EODs produced by females.
across

multiple

dimensions:

The sexual dimorphisms in EOD occur
enhance

males

the

'masculinity'

of their

waveform traits during peak breeding hours and in response to social
encounters (Franchina and Stoddard, 1998; Hagedorn, 1995; Hagedorn and
Zelick, 1989), males display a greater range of EOD modulations in response
to challenges than females do in response to the same challenges, and males
tend to exhibit larger circadian rhythms in their EOD waveforms than

females do (Stoddard et al., 2006a).
These distinctions suggest male EODs may be inherently more plastic
than female EODs in both the short-term and intermediate time scales.
These sex differences also suggest that, in addition to promoting sexual
differentiation, sex steroid hormones may facilitate enhanced waveform
modulability and plasticity. Previous studies in multiple weakly electric fish
species, including B. pinnicaudatus,have shown a clear relationship between
androgens and the ability to produce a masculine waveform.

Androgen

injections or implants reliably masculinize both female and juvenile EODs in
all species examined (Bass and Hopkins, 1984; Carlson et al., 2000; Dunlap et
al., 1998; Dunlap and Zakon, 1998; Few and Zakon, 2001; Hagedorn and

Carr, 1985; Mills and Zakon, 1987; Silva et al., 1999). While the relationship

3

between sex steroids and waveform sex differences seems fundamental to
communication, it is not known what other influences androgens may exert
on the EOD. A great deal of variance exists between weakly electric species
in their abilities to alter their waveforms.

Not all species are capable of

producing the rapid modulations that B. pinnicaudatusexcels at generating
(Goldina et al., 2006).

Thus, the role of androgens in facilitating plasticity

and modulability in EOD production is not known, yet evidence suggests they
may be an important factor in determining the responsiveness of this social
signal.
Sex steroids are not the only substances known to act as EOD
modulators.

Serotonin (5-hydroxytryptamine

or 5-HT) is a ubiquitous

neurotransmitter known to influence a wide range of physiological and
behavioral

processes

and

previous

research

has

shown

that

masculinizes EODs in B. pinnicaudatus (Stoddard et al., 2003).

5-HT
In vivo

challenges of intramuscular injections of 5-HT masculinized EODs in males,
but direct application of 5-HT to electrocytes in vitro did not alter the
waveform (Markham and Stoddard, 2005; Stoddard et al., 2003).

These

results imply that 5-HT's effects on EOD waveform observed in vivo are the
result of central mechanisms that are mediated by a local modulator in the
periphery (Stoddard et al., 2003).

The neuroendocrine pathways linking

central 5-HT actions and the ensuing waveform modulations have yet to be

identified.

4

This dissertation consists of a series of experiments designed to
investigate the neuroendocrine control of a social communication signal from
the brain to the periphery and measuring how the behavior is affected by
each manipulation.
identify

which

The goals of the subsequent chapters were to:

neurochemicals

may

be

pharmacologically

(1)

relevant

to

controlling B. pinnicaudatus EOD plasticity and modulability, (2) identify
central-to-peripheral

neuroendocrine

pathways

that

regulate

EOD

production, (3) examine the interactions between relevant pharmacological
agents and androgens and, (4) describe how androgens are involved in
regulating the expression of the EOD behavior in social situations.
CHAPTER 2

This chapter conveys the results of experiments designed to identify
candidate central-to-peripheral neuroendocrine pathways through which 5HT induces EOD modulations. This study follows research that proved 5-HT
induces changes in EOD waveform in B. pinnicaudatusin vivo but not in
vitro, which indicates intermediate steps between the central 5-HT system
and peripheral electrocytes that produce the EOD (Markham and Stoddard,
2005; Stoddard et al., 2003). I tested the hypothesis that the mechanism by
which central serotonin masculinizes EOD waveforms is activation of the
hypothalamic-pituitary-interrenal (HPI) axis (Norris, 1997, 2000; Sumpter,
1997).

The HPI is the teleost analogue of the mammalian hypothalamic-

5

pituitary-adrenal

(HPA) axis, which is often referred to as the 'stress

response axis.'
The HPI controls the mobilization and allocation of energy in response
to stressors by controlling levels of glucose (i.e., energy available for work) in
the blood.

A stressor is fundamentally anything that moves an individual

from physiological

homeostasis,

circumstance-appropriate

requiring the animal to respond with

behavior(s) (Wendelaar

Bonga,

1997).

These

behaviors often require energy (e.g., flight, fight, communicate, mate, etc.)
and they need not be associated with distress; therefore the HPI can be more
broadly designated as the "energy regulation axis".
The EOD is an energetically expensive signal and producing enhanced
'masculine' waveforms is particularly costly (Salazar and Stoddard, in prep).
It is therefore reasonable to hypothesize that any stimulus that results in
modulation or enhancement of the EOD may involve activation of the HPI to
provide the

requisite

energy needed for to produce

these changes

in

waveform. A classic method of HPI/A activation found in many vertebrates,
including teleosts, occurs via central 5-HT release (Hoglund et al., 2002;
Jorgensen et al., 2001; Van de Kar et al., 2001; Winberg et al., 1997).
Stimulation of the HPI/A by 5-HT is characteristically mediated via
two specific 5-HT receptor types, the 5-HT1A and the 5-HT 2 family of
receptors.

In teleosts, activating 5-HT1A and 5-HT 2 receptors in the

hypothalamus

stimulates

the

nucleus

6

preopticus

(NPO)

to

release

corticotropin releasing hormone (CRH), which then stimulates production
and release of adrenocorticotropic hormone (ACTH) from the pituitary (Metz
et al., 2005). The resulting increase in plasma concentrations of ACTH leads
to the release

of cortisol

from interrenal cells.

Cortisol stimulates

gluconeogenesis which may be the physiological connection linking central 5HT with peripheral EOD modulations.
A recent study demonstrated that challenging B. pinnicaudatus with
ACTH induces EOD waveform masculinization both in vivo and in vitro
(Markham and Stoddard, 2005). These results provide further support for the
hypothesis where central 5-HT causes EOD modulations via activation of the
HPI and ACTH release.

The lack of data directly connecting the actions of

central 5-HT to the actions of ACTH on the electrocytes led me to design the
following set of experiments.

I challenged fish pharmacologically with

intramuscular injections of various 5-HT1A and 5-HT 2 receptor agonists and
antagonists to identify which receptors are effective
modulation in B. pinnicaudatus modulations.

in eliciting EOD

I also challenged fish with

CRH to verify that the intermediate steps between the 5-HT and ACTH
classically involved in the HPI are able to induce EOD modulations in this
fish. These experiments were designed to determine if pharmacologically
stimulating each step in the HPI pathway resulted in EOD modulations
similar to those observed with 5-HT or ACTH challenges.

7

Despite the well-established connection between 5-HT and ACTH in
the HPI and evidence that both chemicals are EOD modulators in this fish,
there is an alternate viable central-to-peripheral neuroendocrine pathway
through which central 5-HT effects could be mediated. Central 5-HT release
in the brain can also stimulate the hypothalamic-pituitary-thyroidal (HPT)
axis and result in production and release a-MSH. The melanocortin peptide
a-MSH is extremely similar in structure and function to ACTH.

Both

compounds are produced from proopiomelanocortin, the same precursor
they are

molecule,

structurally

similar,

and

they bind to the

melanocortin receptors (MCRs) (Metz et al., 2006).

same

Although ACTH is

currently endorsed as the primary cortisol secretagogue in teleosts, it is
unresolved whether a-MSH has similar corticotropic effects (Metz et al.,

2005).
I therefore also challenged fish with injections of a-MSH and TRH (an
intermediate agent analogous to CRH) to determine if these compounds are
also able to actuate EOD modulations.
evidence

for

multiple

Positive results would provide

central-to-peripheral

pathways

controlling

EOD

waveform in this species.
CHAPTER 3

Chapters 3 and 4 describe experiments that investigate androgens' role
in regulating EOD plasticity and how androgens interact with relevant
pharmacological agents studied in Chapter 2.
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I tested whether androgens

are responsible for sexual dimorphisms in both EOD response to stressors
and EOD plasticity in response to challenge and environmental conditions.
I implanted female B. pinnicaudatuswith the non-aromatizable androgen,
5a-dihydrotestosterone

(DHT) and observed changes in their behavioral

responses to pharmacological and social challenges as a result of increased
I also measured how increased androgen levels affected

androgen levels.

female waveforms over time (e.g., changes in the circadian rhythmicity).

I

used a non-aromatizable androgen to ensure that it was not being converted
into estrogens and that any effects I observed could be attributed to the
actions of androgens.
Chapter 3 describes the results of the first set of DHT implant
experiments in which I investigated: 1) how androgens affect circadian
changes in EOD waveform parameters such as daily minima and nightly
maxima for both amplitude and duration and, 2) how androgens affected
female

responses

to

pharmacological

challenges.

I pharmacologically

challenged females with 5-HT and ACTH to determine how androgens affect
an individual's

response to

these

challenges.

The

results

from this

experiment address the following: 1) identifying the role of androgens in
producing a sexually dimorphic circadian rhythm, 2) investigating how
androgens alter response to 5-HT and ACTH challenge and, 3) investigating
how androgens affect EOD plasticity and modulability.

9

CHAPTER 4

Chapter 4 details the second set of DHT implant experiments in which
I tested the role of androgens in modulating female's EOD response to a
social challenge.

Encounters with conspecifics result in EOD waveform

modulations that communicate information between interacting individuals
and are precisely the sort of stimuli that should activate the neurochemical
cascades I described earlier.
I socially challenged

females with female and male challengers

(presented individually on separate days) before and after DHT implants
were inserted and recorded their behavior.

This experiment allowed me to

quantify differences in female responses to intra- and intersexual challengers
before DHT was implanted and observe how increased androgen levels
changed their responses to each challenger type.
This final set of experiments addresses the question of how changes in
neurochemistry directly affect the production of behavior. The results from
the experiments described in this dissertation represent an integrative
investigation into the control and regulation of a social communication signal.

10

PHARMACOLOGICAL CHARACTERIZATION OF SEROTONIN AND
CHAPTER 2.
MELANOCORTIN RESPONSIVE PATHWAYS THAT REGULATE MASCULINITY OF THE
ACTION-POTENTIAL-BASED SOCIAL SIGNALS OF GYMNOTIFORM ELECTRIC FISH

Animals respond to social stressors with a broad array of behavioral
and physiological adaptations, often including the development of signals
that communicate aggression, dominance, or subordination.

The production

or modulation of these signals in response to stressors suggests that
communication systems should be intimately tied to neuroendocrine systems
involved in regulating responses to stress. A stressor is action or event that
requires

a

physiological

physiological
competence

response

to

(Wendelaar

maintain
Bonga,

energy

1997).

balance
The

and

primary

neuroendocrine system mediating responses to stressors is the hypothalamicpituitary-adrenal (HPA) axis in mammals, or the homologous hypothalamicpituitary-interrenal (HPI) axis in teleost fish (Norris, 1997, 2000; Sumpter,

1997).
The neuromodulator serotonin (5-HT) has long been associated with
promoting behavior appropriate for dominant and/or subordinate individuals
within a social group (Edwards and Kravitz, 1997; Simon, 2002). The role of
5-HT in promoting social behavior and the role of HPA/I axis in mediating
stress adaptations suggests that social communication signals could be
controlled in part through the interaction of the central 5-HT system and the
HPA/I axis. The HPA/I axis indeed appears to be regulated by the central
serotonergic system in many taxa (Hoglund et al., 2002; Jorgensen et al.,
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2001; Van de Kar et al., 2001; Winberg et al., 1997). In teleost fish exposed to
stressful conditions, 5-HT activates the HPI axis via hypothalamic 5-HT1A
(Hoglund et al., 2002) and 5-HT 2 receptors (Van de Kar et al., 2001; Winberg
et

al.,

1997),

stimulating

release

of

peptidergic

factors

from

the

hypothalamus including corticotropin-releasing factor (CRF) and thyrotropinreleasing hormone (TRH) (Larsen et al., 1998).

These hypothalamic peptides

stimulate pituitary corticotropes and melanotropes to release into circulation
the melanocortin
melanocyte
2000).

peptides

adrenocorticotropic

hormone (ACTH) and a-

stimulating hormone (a-MSH), respectively (Rotllant et al.,

The HPA/I is best known for mediating release of glucocorticoids in

response to stressful stimuli, however the intermediary peptides hormones
also regulate behavior and physiology on a broad scale.
The interaction of the central serotonergic system and the HPI axis
has been well characterized in teleosts primarily by measuring changes in
plasma concentration of target hormones after exposing fish to behavioral or
pharmacological
between

challenges.

endocrine

These studies often establish interactions

systems without assessing

consequences of these manipulations.

the

ultimate behavioral

Determining the roles of specific

pathways in the regulation of socially relevant behaviors, however, is the key
to fully understanding the neuroendocrine control of communication signals.
An excellent example is skin darkening in Arctic charr, a response of
subordinate individuals that is mediated by activation of the HPI axis.

12

In

this system, HPI activation elevates circulating levels of both ACTH and aMSH, with a-MSH primarily responsible for control of skin darkening
(Hoglund et al., 2000).
The electric organ discharge (EOD) of weakly electric gymnotiform fish
is a model system particularly well suited for investigating neuroendocrine
control of communication signals in response to social stressors (Stoddard et
al., 2006b). Specialized excitable cells (electrocytes) in the peripheral electric
organ produce the EOD, a signal that is used for navigation and functions
also as a dynamic communication signal. EODs are sexually dimorphic in
most gymnotiform taxa, the sexes differing in discharge rate and in waveform
duration

and amplitude

(Bass and Zakon, 2005;

Zakon, 1993). Social

encounters and environmental stressors modulate the EOD waveform by
altering the biophysics and discharge waveforms of the electrocytes.

The

EOD is thus a continuously available signal that responds rapidly to social
manipulations, can be measured noninvasively, and directly reflects the
biophysical activity of the effector cells.

The EOD is an energetically

expensive signal and producing enhanced waveforms is particularly costly
(Salazar and Stoddard, in preparation).

It is therefore reasonable

to

hypothesize that any stimulus that results in reduction or enhancement of
the EOD may involve the HPI to simultaneously regulate the electric
waveform and energy available for adaptive social response.

Peripheral

injections of 5-HT or ACTH elicit EOD waveform modulations comparable to

13

those

induced

by

social

pinnicaudatus, but

Brachyhypopomus

in

encounters

only

the

gymnotiform

ACTH

acts

directly

fish
on

electrocytes to modify their discharge waveforms (Markham and Stoddard,
2005; Stoddard et al., 2003). These findings suggest that the HPI axis could
be responsible for regulating EOD waveform.
Central serotonergic activation of the HPA/HPI is well documented,
yet

stimulating

or

blocking

specific

receptor

types

often

result

contradictory actions on basal ACTH secretion (Welch et al., 1993).

in
The

seemingly incongruous role of the same agonist as inhibitor and facilitator
can be explained by evidence that serotonergic systems regulate some
stressor-related responses and not others (somatosensory vs. emotive vs.
physical pain/discomfort)

and that different

serotonergic pathways are

activated by stimulating different receptor types with different results on the

HPA/HPI (Jorgensen et al., 1998; Saphier et al., 1995; Welch et al., 1993).
The objective of this study, therefore, was to better characterize the
pharmacology of EOD control by signal molecules of the HPI, and in
particular to look for opposing actions within the serotonergic system. I used
multiple neuroendocrine probes to assess activity along specific steps in the
serotonergic and HPI pathways and used changes in the characteristics of a
social communication signal as an endpoint.

I injected fish with the

peptidergic factors CRF, TRH, and a-MSH to determine if they also modulate
EOD waveforms in vivo, consistent with the hypothesis that melanocortin

14

pathways of the hypothalamus and pituitary regulate EOD enhancements. I
then sought to determine whether in vivo modulations of EOD waveform by
5-HT

are

mediated

by

multiple

receptor

classes,

such

as

those

pharmacologically similar to the mammalian 5HT 1R and 5HT2 R, and if so,
the directionality of those responses.
METHODS
ANIMALS

Adult male Brachyhypopomus pinnicaudatusbred and maintained on
Florida International University campus, were randomly collected from
breeding pools during 2002-2006 and brought indoors for pharmacological
challenge tests.

Males were weighed and measured prior to individual

placement in recording tanks.
ELECTRIC SIGNAL RECORDING

I recorded EODs with an automated, calibrated recording system
previously

described

in detail

(Stoddard et

al.,

2003).

The

system

automatically records EODs when the fish passes through or sleeps in the
geometric center of the tank, and calculates the chosen waveform parameters

(described below).
To allow fish to acclimate to their tanks and to measure baseline EODs
for each individual, I placed fish individually in recording tanks and collected
EOD data for a minimum of 24-hours before performing any challenge tests.
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Following any challenge trial, the system continued to measure EODs for at
least another day, after which fish were returned to their outdoor pools.
PHARMACOLOGICAL CHALLENGES

Previous investigations determined EOD response to intramuscular
injections of 5-HT saturates at 2.5 nMol g-1 body weight and response to
ACTH saturates at 25 pMol g-1 (Markham and Stoddard, 2005; Stoddard et
al., 2003).

I used these figures as the starting point to select doses for

serotonergic drugs and peptide hormones. I prepared the injection solutions
to produce the desired dose when injected intramuscularly at lul g-1 body
weight (bw).

All pharmacological compounds were obtained from Sigma-

Aldrich and dissolved in physiological saline described previously (Stoddard
et al. 2003).

I began with doses estimated to be physiologically active on

equivalent mammalian receptors, but if I obtained no effect or an equivocal
effect I performed additional injections at higher and lower doses (Figs. 2.2-

2.5).
I used the three partially

selective agonists to probe

for EOD

regulation by the 5HT 2 R family: 2,5-dimethoxy-4-iodoamphetamine (DOI), amethyl-5-hydroxytryptamine
pyrazine (MK212).

(a-Me-5-HT),

and 6-chloro-2- (1-piperazinyl)

The silent 5HT2AR antagonist ketanserin was dissolved

at pH 6.7, titrated to pH 7.2 with NaOH, and then diluted to a final
concentration of 2.5 mM. To probe for waveform regulation by the 5HT1AR, I
used the selective agonist 8-hydroxy-di-n-propylamino tetralin (8-OH-DPAT)
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and

the

selective

5HT1AR

antagonist

N-

[244(2-methoxyphenyl)-1-

piperazinyl] ethyl]-N- (2-pyridinyl) cyclohexanecarboxamide trihydrochloride
(WAY100635). Table 2.1 shows reported mammalian 5-HT receptor affinities
of the

serotonergic

drugs

mechanisms of 5-HT activity.

I

used

in

the

experiments

characterizing

Saline injections (1 ul g-1 bw) served as a

control condition for effects of handling and injection. Handling time from
capture to replacement in the tank was usually less than one-minute.
DATA ANALYSIS

The EOD pulse of Brachyhypopomus pinnicaudatus is a biphasic
sinusoid that varies in amplitude and in the duration of the second phase
(Fig. 2.1). I measured amplitude of the EOD waveform peak-to-peak, and
duration of the second phase as TP2, the time constant of an inverse
exponential function fit to the decay segment of the second phase. Changes
in the EOD waveform resulting from my pharmacological challenge trials are
superimposed upon circadian cycles in waveform parameters (Franchina and
Stoddard, 1998; Stoddard et al., 2003). I therefore mathematically isolated
drug-induced changes in these measures as reported previously (Stoddard et

al. 2003). This analysis allowed me to extract the changes in EOD amplitude
and TP2 that were caused by the challenge trials and not a function of the
normal circadian modulations in EOD.

Additionally, earlier work showed

that responses to 5-HT challenge are closely related to baseline values of an
individual's EOD parameters (Stoddard et al., 2003). I therefore quantified
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challenge responses as proportion change relative to baseline: (peak value
after injection - baseline value) / baseline value.
Responses to challenge were analyzed for each pharmacological agent
tested using Kruskal-Wallis one-way

ANOVA tests using dose

as the

dependent variable and response to saline injection as the control group.
Data analysis was generated using SAS software, Version 9.1.3 of the SAS
System for Windows, and MATLAB, Version 7.1.

Significant omnibus tests

(p < 0.05) were further analyzed using a pairwise, two-tailed comparison of
Kruskal-Wallis

mean

scores

with

Bonferroni

adjustment (Siegel

and

Castellan, 1988).
RESULTS
PEPTIDE HORMONES

Intramuscular injection of the hypothalamic releasing hormones CRF
and TRH elicited marked increases in EOD amplitude and TP2 compared to
control treatments (Fig. 2.2A & B). Likewise, injection of the melanocortin a-

MSH increased both EOD parameters significantly (Fig. 2.2C).
5-HT 2R SELECTIVE LIGANDS

Both DOI and a-Me-5-HT increased EOD amplitude and

tp2,

in a

manner like 5-HT injection (Stoddard et al., 2003), but MK212 had no effect
(Fig. 2.3A & B). Results from a-Me-5-HT showed some non-linear doseselectivity (Fig. 2.3C) In contrast to the lack of agonists highly selective for
individual 5HT 2R subtypes, the silent antagonist ketanserin is highly
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selective for the 5HT2AR over the 5HT2BR.

Therefore, to better assess which

of these receptor subtypes is responsible for EOD modulation, I evaluated
whether

pretreatment

with ketanserin

would

block

the

effects

of a

subsequent 5-HT injection. I first injected one group of fish with saline and
one group of fish with ketanserin (2.5 mM).

Fish in both groups were then

given a second injection of 5-HT (2.5 mM) 15-45 minutes later. I found that
ketanserin blocked

the effects of 5-HT on TrP2.

Fish pretreated with

ketanserin showed little or no increase in tP2 in response to the 5-HT
injection compared to controls, whereas fish pretreated with saline displayed
the typical 5-HT-induced increase in TP2 (Fig. 2.4).
additional evidence

These results provide

that a 5-HT2A receptor mediates EOD modulation,

although I cannot conclusively rule out participation by the 5-HT2B or 5HT2C
receptors.
5-HT1AR SELECTIVE LIGANDS

To test the possible involvement of 5HT1A receptors in EOD waveform
modulation, I injected fish with the highly specific 5HTAR agonist 8-OHDPAT and the

selective

5HT1AR antagonist WAY100635.

Both EOD

amplitude and tP2 decreased in response to 8-OH-DPAT challenges relative to
controls (Fig. 2.5A), though amplitude response to the middle dose [0.25 mM]
did not differ from the controls.
The silent antagonist WAY100635 increased both amplitude and TP2 at

all doses tested (Fig. 2.5B). Taken together, the effects of WAY100635 and 8-
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OH-DPAT injections provide strong evidence

for the involvement of a

5HT1AR-like receptor in serotonergic inhibition of EOD waveform. Receptors
of the 5HT 1 R family either function as autoreceptors that inhibit activity of
serotonergic neurons (Hoyer et al., 2002), or as receptors on post-synaptic
cells (for review see Barnes and Sharp, 1999).

If the 5HT1AR involved in

EOD waveform modulations functions as an autoreceptor on the same circuit
as the receptor identified by the 5HT 2 R ligands above, then release of EOD

inhibition by the 5HT1AR antagonist WAY100635 should be blocked by the
5HT 2 R antagonist ketanserin.

Conversely, failure to block the effect of

WAY100635 with ketanserin would indicate these receptors exist on separate
circuits.
I evaluated these hypotheses by pretreating one group of males with
ketanserin (or saline for a control), followed by injections of WAY100635 1545 min later. The control group (saline pre-treatment) showed the expected
increases in EOD amplitude and tP2 in response to WAY100635 (Fig. 2.6).
The fish pretreated with ketanserin showed similar increases in these
measures when injected with WAY100635. The failure of ketanserin to block
the effects of WAY100635 indicates that EOD modulations are mediated by a
5HT1AR on a different circuit than the 5HT 2 R, most likely positioned as a
postsynaptic receptor rather than a presynaptic autoreceptor.
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DISCUSSION

The current study demonstrates that B. pinnicaudatus possess both
5HT1AR and

5HT2R-like

receptors

and that these

receptor

types

are

implicated in the regulation of rapid EOD modulations in social contexts.
The

function

of the

5HT2AR-like

receptor

appears

to

be

the

rapid

enhancement of the EOD and the effect is likely exerted by increasing plasma
levels of melanocortins. I suggest this receptor type may be a mechanism for
inducing rapid increases in EOD waveform in response to social challenges or
similar stressors.

Conversely, the 5-HT1A appears to inhibit EOD, likely by

suppressing release

of melanocortins

and is a candidate

pathway for

suppression of the social signal in response to social defeat and physiological
stressors.

Pharmacologically activating different receptors along the HPI

circuit with melanocortin peptides and their secretagogues consistently
enhanced

the EOD, indicating a role of the HPI in regulating EOD

modulations in social contexts.
SEROTONIN RECEPTOR IDENTITY

Activation of 5HT2AR has been shown to induce HPA activation via
characteristic release of ACTH mediated by CRF neurons in mammalian
PVN (Van de Kar et al., 2001; Winberg et al., 1997) and 5HT2AR antagonists
inhibit increase in plasma ACTH (Saphier et al., 1995).

The modulation of

EOD waveform by two of the three 5HT2AR agonists I tested suggests that a
receptor in the 5HT 2 R family is responsible for EOD modulation by 5-HT.
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Definitive proof will require molecular methods. Yet the inconsistent effects
of these three compounds require further analysis.
includes three receptor subtypes: the 5HT2A,

2B,

The 5HT 2R family

and 2c receptors. Although a-

Me-5-HT, MK212, and DOI all show preferential affinity to the 5HT 2 R family
over other 5HTR families, no currently available 5HT 2R agonists reliably
distinguish between the three subtypes (Ramage, 2005; Van de Kar et al.,
2001).

Further, binding affinities are reported for mammalian receptor

types, and even these vary enough between species (e.g., mice and rats) as to
require great caution when speculating about differential receptor subtype
affinities in a teleost fish.

MK212 generally shows highest affinity for the

5HT2 BR and 5HT 2 cR (Hoyer et al., 2002; Smythe et al., 1988), thus the lack of
EOD modulation by MK212 suggests that EOD modulation is mediated by a
5HT2AR, and not by a 5HT2BR or 5HT 2c receptor.

Consistent with this

interpretation, pre-treatment with the highly specific 5-HT2A antagonist
nullified the effects of 5-HT treatment, providing the strongest evidence that
the 5-HT2A is necessary for EOD enhancement in response to 5-HT.

The 5HT1AR selectivity of 8-OH-DPAT and WAY100635 are such that I
am more confident of the identity of a constitutively active 5HT1AR type
receptor that modulates EOD amplitude and Trp2.

These fish reduced their

EOD parameters after being injected with the 5HT1AR agonist 8-OH-DPAT
and they enhanced their EODs after injections of the silent antagonist
WAY100635.

These results indicate that a 5HT1AR-like receptor is present
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and pharmacologically relevant in this species and that it exerts inhibitory
control of the EOD.
The silent antagonist WAY100635 caused approximately linear dosedependent enhancement of both EOD parameters however I observed a
different pattern by probing with 8-OH-DPAT.

Three fish that were given

the middle dose (0.25 mM) enhanced their amplitudes and the other three in
this group reduced theirs after injection. The effects of this 8-OH-DPAT dose
on TP2 were also less inhibitory than either the lower or the higher doses.
These results suggest the 5HT1AR story may be more complex in this fish
than this receptor simply inhibiting release of one melanocortin.
The 5HT1AR operates both as a pre-synaptic autoreceptor located on
serotonergic neurons and as a post-synaptic receptor on target cells in
teleosts (Hoglund et al., 2002). My series of blocking experiments lead me to
tentatively propose that the effects I observed in this fish after probing with
8-OH-DPAT and WAY100635 are the result of the actions of a post-synaptic
receptor rather than an autoreceptor (Fig. 2.5).

I predicted several possible

5HT1AR circuits (Fig. 2.7). In model A., the 5HT1AR is situated upstream and
on the same circuit as the 5HT2AR.

If I block the 5HT2AR with ketanserin

and follow with a dose of 5HTiAR antagonist WAY100635, I would expect to
observe no change in EOD. I saw an increase in EOD after this test that was
the same as the increases I observed after an independent injection of
WAY100635.

This signifies that the 5-HT2AR cannot be downstream and on
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the same circuit as the 5HT1AR. Model B predicts that 5HT2AR postsynaptic
receptors and 5HT1AR autoreceptors are located on the same cell.

If this

model is correct and I block the 5HT2AR with ketanserin then stimulate the
5HT1AR with 5-HT, I would expect to see a decrease in EOD similar to the
drop induced by 8-OH-DPAT. I observe no change in the EOD as a result of
this test, thus this model is also incorrect. In model C, the 5HT1AR is located
upstream of a mystery 5-HT receptor other than a 5HT2AR. If I probe with
ketanserin followed by 5-HT, I would expect to see a drop in EOD because the
ketanserin would not block the mystery receptor. Ketanserin blocks the 5-HT
effect in this test therefore this model cannot be true.

The final model I

present is the only one I was unable to disprove with my tests. In model D,
the 5HT1AR is located behind the blood brain barrier and on a circuit
separate from the 5HT2AR, which resides outside the blood brain barrier (e.g.,
in the pituitary or periventricular organs of the hypothalamus). If this model
is correct, peripheral injections of 5-HT could not reach the 5HT1AR but could
stimulate the 5HT2AR. The lack of EOD modulation I observe as a result of
the ketanserin followed by WAY100635 test would then be explained by
ketanserin reaching and blocking the 5HT2AR, but the peripheral injection of
5-HT not having an effect because it cannot activate the 5HT1AR behind the
blood brain barrier.
Evidence that receptor distribution in the brain is limited supports my
hypothesis that the 5HT1AR is in a distinct location from the 5HT2AR (Barnes
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and Sharp, 1999).

I propose this model as a guide for future research

investigating the placement, distribution, and molecular identity of these
different 5-HT receptors in weakly electric fish brains.
Current research is leading to a shift in the paradigm that levels of 5HT and aggression are inversely and linearly related. High levels of 5-HT
sometimes accompany high levels of aggression (Korzan et al., 2000; Matter
et al., 1998) and a primed serotonergic system may be necessary to enable an
individual to produce an appropriate behavioral response in complex social
context (Sperry et al., 2005). These findings would help explain the apparent
paradox I observe in this fish as a result of 5-HT challenge.

If the classical

account of the serotonin system as an inhibitor of aggression is accurate and
enhancements of the EOD in the presence of conspecifics is aggressive, then
the reduction in EOD parameters following activation of the 5HT1AR makes
perfect sense, but the increase in these parameters following activation of the
5HT 2 R is unexpected.

Perhaps both very low and very high levels of

serotonergic activity augment the EOD, allowing fish to increase the potency
of their communication signal both when dominant (low 5-HT) and when

newly challenged (high 5-HT).
If aggression modulated through the 5HT1AR, as some studies suggest

(Joppa et al., 1997; Sanchez, 1997; Simon et al., 1998; Sperry et al., 2005),
then the autoreceptor and post-synaptic receptor may be one circuit that
rapidly inhibits and terminates enhanced EOD response in weakly electric
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fish.

Activating the 5HT1AR inhibits neuronal firing and decreases 5-HT

synthesis (Perreault et al., 2003; Sperry et al., 2005).

My data show that

activating 5HT1AR with 8-OH-DPAT causes a dampening of both EOD
parameters,

although I

are not yet certain

what the

detailed social

significance of specific patterns of enhancements and reductions in EOD are.
It is likely that there are intricate nuances in the information that
EOD modulations send and that the social significance of a rise or fall in
EOD

is

more

complicated

than

linear

dominance

Modulations in the EOD, particularly enhancements

or

subordinacy.

of TP2, have been

proposed to function as mate attracting signals. If enhancing the EOD serves
only to attract females, it is not intuitively clear why aggressive behavior
channels would regulate this signal.
One possible explanation is that the enhancements of TP2 function in
male-male competition instead of, or in addition to, mate attraction or that
females favor aggressive males. Alternatively, I favor the idea that the EOD
is a multicomponent signal that sends information to different receivers
through different aspects of its expression.

Because the expression of EOD

parameters are intricately tied to each other, it would be easy to see how the
mechanisms that control one social signal, e.g., aggression, could be co-opted
to regulate another social signal, e.g., mate attraction. On the other hand, it
is also possible that this description of control of this plastic and complex
signal is simplistic and that other factors interact with the serotonergic
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system to regulate EOD expression. I found that this is certainly the case of
the intermediate factors in the central serotonergic-HPI circuit.

5-HT1A

5-HT2A

5-HT2B

5-HT2c

8.8

8.2

7.6

8.0

(Peroutka
and Howell,

(Peroutka
and

1994)

Howell,
1994)
<5

Agonist

5-HT

(Peroutka
and Howell,

(Peroutka and
Howell, 1994)

1994)
8-OH-DPAT

DOI

MK212

WAY100635

9.2

5.2

(Millan et al.,

(Millan et al.,

(Millan et

1992)

1992)

al., 1992)
7.6

7.0

(van
Wijngaarden

5.2

(Schechter and
Simansky,

(Schechter
and

et al., 1990)

1988)

Simansky,
1988)
4.8

5.3

6.2

6.2

(Smythe et

(Smythe et al.,

(Hoyer et

(Smythe et

al., 1988)

1988)

al., 1994)

al., 1988)
<7

<7

8.9
(Fletcher et

(Fletcher et al.,

(Fletcher

al., 1996)

1996)

et al.,
1996)

Ketanserin

5.9
(Hoyer, 1989)

8.7

7.2

5.4

(Schreiber et

(Hoyer et

(Schreiber

al., 1995)

al., 1994)

et al.,
1995)

-Me-5-HT

6.1

8.4

6.2

(Baxter et al.,

(Baxter et

(Baxter et

1995)

al., 1995)

al., 1995)

Table 2.1. Receptor affinities (pKis) for serotonergic agents used in this
study, following (Barnes and Sharp, 1999; Baxter et al., 1995; Jorgensen et

al., 1999).
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Phase 1

amplitude

y =ae

P2

Phase 2

1 ms

Figure 2.1. Measurement of Brachyhypopomuspinnicaudatuselectric organ discharge (EOD) parameters.

Amplitude was measured peak-to-peak for the entire waveform. The time constant of repolarization (TP 2)
was estimated by fitting an inverse exponential function fit to the decay segment of phase two.
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CHAPTER 3. ANDROGENS ENHANCE PERIPHERAL RESPONSE TO MELANOCORTINS
BUT SHOW LITTLE EFFECT ON CENTRAL CIRCADIAN RHYTHM GENERATION

Steroid hormones are known to masculinize or feminize central and
peripheral structures depending on which hormones are introduced, the sex
and

developmental

stage

of

the

individuals

exposed,

and

which

neuroendocrine pathways are activated (Brenowitz and Lent, 2002; Herfeld
and Moller, 1998; Lund et al., 2006).
heterologous

steroids

in

Studies investigating the role of

masculinizing

or

feminizing

behavior

and

morphology across diverse taxa are extensive and have greatly increased my
understanding of the interactions between hormones and sexually dimorphic
behaviors (revs. Cooke, et al., 1998; Staub and De Beer, 1997). While the role
of sex steroids in promoting sexual differentiation is well documented, what
function these hormones may have in potentiating behavioral plasticityis not
as well understood. Among teleosts, the electric communication systems of
gymnotiform electric fish are excellent models to further investigate the roles
of steroid hormones in potentiating sexually dimorphic behavioral plasticity.
Gymnotiform fishes produce weak electric organ discharges (EODs) for
electrolocation and electrocommunication (Bullock and Heiligenberg, 1986;
Hopkins,

1999a).

Waveforms

are

species-specific

and often

sexually

dimorphic, where males typically produce EODs larger in amplitude and
duration than do females or juveniles.

The development of sexually

dimorphic EODs is controlled by sex steroids (Zakon, 2000). In addition, in
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species with sexually dimorphic EODs, female and juvenile electric fish
waveforms can be masculinized by introducing exogenous androgens via
injection or implantation (Bass, 1986; Bass and Hopkins, 1983; Franchina,
1997; Hagedorn and Carr, 1985; Hopkins et al., 1990; Meyer et al., 1987;
Meyer et al., 1984).

Earlier studies investigating the effects of steroid

hormones

waveform

on

EOD

have

focused

on

electrophysiology

of

electrocytes, changes in EOD waveform, measured after days (Few and

Zakon, 2001) or weeks (Hagedorn and Carr, 1985; Meyer, 1983; Mills and
Zakon, 1991).

These studies provide snap shot accounts of how steroids

modify EOD waveform and behavior before and after exogenous hormones
are introduced, but none have constantly monitored the whole fish EOD to
determine how these hormones affect waveform parameters such as daily
minima, nightly maxima, and the magnitude of circadian swing over the
intermediate time scale.
EOD

waveforms

also

show

sexually

dimorphic

plasticity

in

modulability along the intermediate timescale (minutes to hours), with males
showing more exaggerated changes in EOD waveform under both natural
and

experimental

conditions

than

females.

For

example,

male

Brachyhypopomus pinnicaudatus display circadian rhythms with greater
magnitudes and they respond more dynamically to stressors and social
manipulations than females do (Franchina et al., 2001; Franchina and

Stoddard, 1998; Markham and Stoddard, 2005; Stoddard et al., 2006a).
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Males also modulate their EODs in response to pharmacological challenges,
both in vivo and in vitro (Markham and Stoddard, 2005; Stoddard et al.,

2003).
Two such substances that alter EOD plasticity are serotonin and
adrenocorticotropic hormone.
waveform

masculinity

Serotonin (5-HT) appears to regulate EOD

indirectly

via

central

action,

probably

in

the

hypothalamus and/or pituitary (Markham and Stoddard, 2005; Stoddard,
2006;

Stoddard

et

al.,

2003).

Melanocortin

peptides

such

as

adrenocorticotropic hormone (ACTH) modulate EOD waveform masculinity
by direct action on electrocytes (Markham and Stoddard, 2005). Peripheral
injections of 5-HT or ACTH induce rapid EOD modulations in electric fish
and can be used to specifically target either the central or peripheral
pathways regulating EOD waveform modulations (Markham and Stoddard,

2005; Stoddard et al., 2003).
I can use melanocortins

and

serotonin to probe

where in the

neuromuscular system sex steroids are producing sexual dimorphisms in the
EOD.

This experiment was designed to examine how female responses to

pharmacological challenge compare to male responses and to examine how
androgens alter female capacity to modulate their EOD waveforms.

Here I

use androgen implants to address two specific questions in the gymnotiform
fish, B. pinnicaudatus: (1) Is EOD plasticity and/or modulability androgen-
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dependent? (2) If so, do androgens enhance plasticity in the central pathway
or in the periphery?
METHODS
EXPERIMENTAL DESIGN

I designed this experiment to measure the role androgens play in
modulating individual female's EOD waveforms taking into account interindividual variations in EOD amplitude, duration, and the magnitude of the
circadian changes in these waveform parameters.

I used the following

experimental protocol to address this variability: for each individual I
recorded baseline data, pharmacologically challenged with 5-HT and ACTH
injections, inserted androgen implants, and then re-challenged with 5-HT

and ACTH.
This design allowed me to compare pre-implant to post-implant EOD
waveform characters and challenge responses within each individual, thereby
eliminating inter-individual

differences

as a source

of variance

when

comparing across groups. By comparing pre- and post-implant responses to
challenges using one drug known to act centrally and one peripherally, I are
able to probe the site(s) of DHT action.
SUBJECTS AND MEASUREMENT SYSTEM

B. pinnicaudatus(Hopkins, 1991), feathertail knifefish or 'pinnis', are
nocturnal South American gymnotiform fish that produce a species-specific,
biphasic EOD. They display prominent sexual dimorphism in the duration of
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the second phase of their waveforms, which I parameterize with the timeconstant of repolarization, or tP2.

Males normally have a larger tP2 than

females and males, more than females, further enhance this parameter
during the first few hours after dusk when most of the breeding activity
occurs (Franchina et al., 2001; Franchina and Stoddard, 1998; Hagedorn,

1995; Kawasaki and Heiligenberg, 1989; Silva et al., 1999; Stoddard et al.,
2006a). The EOD waveform parameters analyzed in this study include peakto-peak amplitude (mV cm 1 at 10 cm), the tp2 (ms), and the day-night
changes, or swing, in amplitude and tP2 calibrated by methods in Franchina

et al. (2001)(Fig. 2.1).
A large breeding colony of B. pinnicaudatusis maintained at Florida
International University in Miami, Florida.

Fish are kept in 450-1 outdoor

stock pools (dimensions: 185 x 95 x 26 cm) covered with water hyacinth
(Eichhornia crassipes) and fed live oligochaete "blackworms" ad libitum.
Experimental groups composed of three to eight females were tested using
fish randomly sampled from the outdoor stock pools.

The female subjects

were brought indoors and held individually in 284-1 automated measurement
tanks (120 x 44 x 44 cm) for the whole of each experimental run. Fish were
weighed and measured for total length (TL) and length to end of anal fin
(LEA) before being placed into recording

tanks where they were fed

oligochaete blackworms ad libitum under consistent photoperiod (12L: 12D)
and temperature (28 *C ± 1 "C) throughout the course of each experiment.
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This study was completed using a total of 52 females tested in 11
experimental groups from January 2003 through December 2005.
IMPLANT FABRICATION

I

implanted

fish

with

the

non-aromatizable

androgen,

5a-

dihydrotestosterone (DHT) at doses of 0.03 mg, 0.1 mg, 0.3 mg, or 1.0 mg 10
g-1 body weight (bw). Implant doses were randomly assigned to individuals

across experiments until I had minimum sample sizes of 6 females per DHT
dose.
I chose the non-aromatizable androgen DHT to ensure any changes I
observed in female EODs were the result of androgenic activity and to follow
protocols used in previous research to provide comparable results (e.g., Few
and Zakon, 2001; Hagedorn and Carr, 1985). There are some indications that
DHT is an endogenous androgen in weakly electric fishes, although this has
yet to be quantified (Sperry and Thomas, 1999; Zakon et al., 1991).

In

addition, recent studies have identified at least two distinct nuclear androgen
receptors in teleosts (Elsaesser et al., 1989).

The peripheral androgen

receptor has higher affinity (and thus specificity) for DHT than testosterone
or 11-ketotestosterone (11-KT).

These findings suggest that by using DHT,

and investigating the changes induced by multiple implant doses, I can
attempt to target the periphery over the CNS without resorting to localized
implants (e.g., Few and Zakon, 2001).
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DHT implants were made using Dow silicone mixed with DHT crystals
following methods of Elsaesser et al.(1989; 2003).

Silicone and DHT were

combined 3:2 and the mix was extruded through a 20-gauge needle onto a
piece of weigh paper in thin straight lines, which were allowed to cure for
approximately one week. A sample of plain silicone was weighed and placed
next to the implants to provide an estimate of solvent evaporation.

After one

week, the plain silicone sample was reweighed to calculate mass lost through
evaporation.

I then applied that evaporation percentage to the DHT

implants and recalculated the ratio of silicone to DHT to 2.43:1. I reweighed
test fish on the day implants were administered then weighed and cut custom
implants to the appropriate size to deliver the randomly assigned dose of
DHT to each female.
HORMONE ANALYSIS

Levels of DHT released from my implants were determined by
radioimmunoassay (RIA) at Yerkes National Primate Research Center at
Emory University. I sampled the levels of DHT released from the implants in
two ways.

First, I implanted females (n=2) with 1.0 mg 10 g 1 implants,

observed changes in EOD nightly maximums until the DHT peak effect
reached a plateau, then drew blood from those females for RIA analysis.
Second, I cut one implant each for the two high doses of DHT I used in this
study, sized for a 20 g fish. I placed the implants in Eppendorf tubes with 20
ml of physiological saline (equivalent to a 20-g fish) and placed them on a
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shaker set to 10 rpm to mimic blood flow within a fish. I stored the samples
in the same room as the recording tanks to mimic the conditions focal fish
were held in (28"C ± 1*C). I drew 500 pl samples from each sample at precise
intervals to measure the release rate of the implants over time. Saline and
serum samples were then sent to Yerkes National Primate Research Center
at Emory University to be assayed for concentrations of DHT.
BASELINE DATA

Females were held indoors without manipulation for up to three days
to acclimatize them to their new tanks and allow me to collect baseline EOD
waveform data for each individual.

I recorded calibrated EODs run from

freely swimming females around the clock at intervals of

-1

min for the

entirety of each experiment using an automated system described in detail
elsewhere (Franchina and Stoddard, 1998; Stoddard et al., 2006a).

Female

EOD amplitude (mV cm-i) and TP2 (ms) daily minima and nightly maxima
were collected by extracting representative
acclimatized

to the data-collection

EOD values after she had

tanks and before any experimental

manipulations were performed (Fig. 3.1.).

These values were used to

characterize each female's baseline EOD waveform characters as well as to
calculate

differences

between

minimum

and

maximum

values,

constitute the magnitude of the circadian swing in amplitude and tp2.
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which

ANALYSIS OF CIRCADIAN RHYTHM MAGNITUDES

EOD amplitude and TP2 vary with circadian rhythms that free-run
under constant light or constant dark (Franchina et al., 2001).

One of my

main goals for this experiment was to determine if androgens masculinize
central and/or peripheral plasticity in the intermediate time scale over days,
parallel to socially-induced changes (Stoddard et al., 2003). An earlier study
showed that an individual's waveform baseline values predict the magnitude
of response to 5-HT challenge (Stoddard et al., 2003).

Here I describe

circadian rhythm oscillation both in terms of absolute magnitude ("absolute
swing" = nightly maximum - daily minimum), and magnitude relative to the
daytime baseline ("relative swing" = [nightly maximum - daily minimum] /
daily minimum).

I selected representative day and night points for each

individual from the cycle before the implant and from the cycle two days after
the implant. I also collected circadian data from 17 males in 2002 and 2003
to compare to pre- and post-DHT implant female circadian rhythms to
determine if implants had enhanced circadian oscillation.
PHARMACOLOGICAL CHALLENGES

I challenged the females with serotonin (5-HT; 5-hydroxytryptamine
creatinine sulfate complex, Sigma-Aldrich) and adrenocorticotropic hormone
(synthetic porcine ACTH, Sigma-Aldrich) to determine how androgens affect
plasticity

of EOD modulability

at the

central

and peripheral

levels.

Challenges consisted of intramuscular injections of 5-HT and ACTH given in
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random order on separate days once baseline data had been collected for each
individual.

5-HT concentrations were 2.5 mM (2.5 pM g-)

and ACTH

concentrations were 25.0 pM (25.0 nM g1), each injected at a volume of 1 pl g1 BW. Females were injected between 1000 and 1500 hours and their EODs
were continuously monitored.
Once the pharmacological challenges were completed, I inserted the
DHT implants customized for each individual female. To insert the implants,
fish were deeply anesthetized with 2-phenoxy ethanol (750 pl 1-1) then placed
on their right side.

I removed two scales ventral to the lateral line then

punctured the abdomen between two ribs using an 18-gauge needle to create
a lane for the DHT implants. I inserted the implants, sealed the incision site
with surgical glue and returned the fish to their tanks.

The implant

procedure took less than 5 minutes and all fish recovered quickly.
EOD magnitude took 3-7 days to plateau after DHT implantation,
after which I repeated the 5-HT and ACTH challenges described above, again
on separate days and in random order. Once the DHT effect had peaked and
before pharmacology challenges were repeated, I calculated the post-implant
magnitude of circadian rhythm oscillation using representative minimum
and maximum values for amplitude and TP2 taken from a single 24-hour
period. I then compared the post-implant swing by dose (= relative swing) as
well as calculating the difference between pre- and post-implant swing
amplitude

and TP2 (= relative

swing changes).
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Relative

swing

is a

determination

of how concentration

of DHT affects the magnitude

of

circadian swing without removing inter-individual variations in EOD, while
relative swing change removes inter-female variance by characterizing each
female's post-implant swing relative to her pre-implant circadian swing.
To measure the effects of pharmacological challenges, I estimated the
circadian oscillation and subtracted it from the data records using methods
described in detail elsewhere (Siegel and Castellan, 1988).

I assessed DHT

effects by measuring post-DHT implant responses to challenge for (= relative
response to challenge) amplitude and TP2 as well as comparing the difference
between

pre-implant

and

post-implant

responses

to challenge

within

individuals (= relative change in response to challenge).
Female EOD data were compared to male data collected from separate
experiments where males were either challenged in the same manner or
where circadian data had been collected. Data were analyzed using KruskalWallis one-way ANOVA tests using DHT implant dose as the dependent
variable. Significant omnibus tests (p < 0.05) were further analyzed using a
pairwise,

two-tailed

comparison

of Kruskal-Wallis

mean

scores

with

Bonferroni adjustment (Dunlap et al., 1998).
RESULTS
DHT ASSAY RESULTS

The pattern of release of DHT into saline was consistent between the
two doses of implant I tested (data not shown). I therefore extrapolated what
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the DHT concentrations would have been in the blood of females receiving the
lower three doses of DHT using the average value of the two blood samples
assayed. I compared my estimates to previous analysis of androgens present
in two other species of weakly electric fish (Table 3.1.) (Dunlap et al., 1998).
Provided that the androgen profiles are similar between two species of
Apternotus and B. pinnicaudatus,I determined that females who received
the highest implant dose received supra-physiological levels of androgens.
Preliminary

data

from

studies currently

underway

in Dr. Stoddard's

laboratory support my contention that the 1.0 mg 10g1 implant delivered
supra-physiological doses on androgens to females (VL Salazar unpubl data).
Due to the inherent variability in androgen profiles between even closely
related species, I refrain from concluding that the concentrations of DHT that
the lower three implant doses are within physiological ranges for this
particular species until this can be confirmed with hormonal assays.
EFFECT OF IMPLANT DOSE ON MAGNITUDE OF FEMALE EOD CIRCADIAN RHYTHM
SWING

I observed dramatic changes in EOD waveforms after DHT implants
were in place, particularly in females that received the highest dose of DHT.
The implants produced no change in EOD amplitude but dramatically
increased TP2 starting the first night after implants were in place.

The

baseline rose, as did the nightly peaks and the absolute swing (Fig. 3.1.).
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Females that received the highest dose showed the largest TrP2 absolute swing
(= nightly maximum - daily minimum).
There were no differences in magnitude of relative circadian swing in
either amplitude (H=0.27) or Tp2 (H=0.58) between any of the groups before
DHT implants were placed.

I found differences in the magnitude of post-

implant amplitude swing between the different doses, but not in TP2 swing
(Fig. 3.2A).

Amplitude swings were greater in females that were given 1.0

mg 10 g-1 DHT implants than they were in females in the other groups once
the implants had reached their peak effect. I did not, however, observe this
distinction between the dose groups when I compared the individual's postimplant circadian swing to her pre-implant values. The differences between
the results of the relative swing and change in relative swing comparisons
are most likely due to values from two females with large post-implants
swings influencing the statistical analysis.

The change in relative swing

eliminates inter-female variability, and thus is a more reliable measure of
DHT effects.
I found no differences in the magnitude of relative change in circadian
swing or in post-implant relative swing in

tP2

(Fig. 3.2B). These results seem

counterintuitive to the data presented in Figure 3.1 that clearly demonstrate
marked enhancements in EOD TP2 parameters.

The marked DHT-induced

increases in absolute values of tP2 are not apparent in the relative measures
(i.e., (peak - baseline) / baseline)) because both the daily minima and nightly
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maxima used to calculate relative swing increased.

Comparing absolute to

relative changes in each waveform parameter individually illustrate that
while DHT increased the height and width of the envelope, the relative
proportion of peak to baseline did not change as a result of the exogenous
androgens.
Lastly, I compared the magnitudes of relative circadian swing of
unmanipulated females, DHT females, and males to determine if the highest
dose of implants shifted female circadian rhythms toward male-like rhythms

(Fig. 3.3).
I found no differences between the three groups in magnitude of relative
amplitude swing, but males and DHT females displayed greater relative tP2
swing than unmanipulated females did.
EFFECTS

OF

DHT

DOSE

ON

FEMALE

RESPONSE

TO

PHARMACOLOGICAL

CHALLENGES

My analysis of post-implant challenge responses by DHT dose are
reported in Table 3.2 and significant pairs are identified in Figure 3.4.
Both female amplitude and TP2 response to 5-HT challenge increased with
increasing doses of DHT, with the two largest dose groups showing the
greatest response to challenge (Fig. 3.5.). I found a similar trend in response
to ACTH challenge, and EOD amplitude and TP2 of females receiving the
highest dose showed the greatest increase (Fig. 3.6.).

Comparing within

individuals, only the change in TP2 response to ACTH challenge
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was

significantly greater following DHT implant.

I compared pharmacological

challenge responses from females (low dose), DHT-females (high dose), and
males to determine how DHT had masculinized female responses to 5-HT

and ACTH (Table 3.3.) (Fig. 3.6.). DHT female response to 5-HT challenge
was indistinguishable from male response for both EOD amplitude and TP2.
The same pattern was present for EOD amplitude response to ACTH
challenge. Responses of DHT females were greater than responses of females
to the same challenges in some cases, even when males and females
responses were indistinguishable. Response to ACTH challenge of TrP2 in DHT
females was supra-enhanced to the point of exceeding normal male responses
to the same challenge.
DISCUSSION

CHANGES

IN THE INTERMEDIATE TIME SCALE

The effect of DHT on the EOD waveforms of females was more
pronounced for tP2 than for amplitude, even though both parameters are
sexually dimorphic and even though both are enhanced in minutes by the
actions of serotonin and melanocortins. For TP2, DHT induced increases in
daily minima, and even greater increases in nightly maxima, resulting in
greater magnitude of circadian oscillations/cycles.

EOD amplitude however

did not increase as a result of the DHT implants. One possible explanation
for this discrepancy between TP2 and amplitude response could be that the
high dose of DHT that I used may not be a saturating dose to adequately

49

masculinize amplitude cyclicity. However, DHT concentrations in the blood
sampled from implanted females and from my saline-leaching experiment
were an order of magnitude higher than physiological levels of androgens
previously reported in two species of weakly electric fishes (Sperry and
Thomas, 2000).

Therefore, I think it unlikely that the dose I used was

insufficient to induce an effect.
Another hypothesis for why DHT produced little change in EOD
amplitude was low affinity for DHT by the type of androgen receptor(s) that
control waveform and circadian cyclicity.

A reasonable hypothesis is that

androgen receptors in the brain control the magnitude of amplitude cycling
via a different pathway than receptors that control EOD TP2 cyclicity.

This

hypothesis is supported by recent discovery of at least two distinct nuclear
androgen receptors in teleosts (Sperry and Thomas, 1999, 2000).

These

receptors, AR1 and AR2, exhibit different tissue distributions and binding
affinity characteristics for natural and synthetic androgens (Stoddard et al.,

2003). AR2 has a greater binding affinity for DHT than T or 11-KT, whereas
AR1 is more specific for T than 11-KT or DHT.

AR1 is most abundant in

brain tissues whereas AR2 is more abundant in peripheral tissues such as
the

gonads.

If androgen

receptors

of gymnotiforms

show

similar

distributions and affinities as the other teleosts, the differential binding
affinities of AR1 and AR2 suggest my DHT implants could have activated
peripheral AR2 more than central AR1 types. A corollary hypothesis is that
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testosterone binds to androgen receptors in the brain to masculinize the
circadian rhythms in EOD amplitude seen in males, and thus DHT was the
wrong androgen to induce amplitude cyclicity in females. Despite the likely
differences in AR effect that my implants had, I doubt this corollary
hypothesis because the supra-physiological levels of DHT released by my
highest implant dose should have compensated for differences in receptor
affinities and yet still did not induce change in amplitude cycling. For now,
the proximate

mechanism(s)

controlling circadian

modulation

of EOD

amplitude remains a mystery; if androgen receptors are involved in the
differential control of amplitude and TP2 cycling, they appear to be only part of
the story.
CHANGES IN EOD MODULABILITY

Previous research

has indicated that serotonin acts centrally to

regulate the EOD waveform, possibly at the level of the hypothalamus or

pituitary (Markham and Stoddard, 2005; Stoddard et al., 2003; Stoddard et
al., 2006b). Because individual electrocytes do not respond to 5-HT challenge
in vitro, challenging fish with serotonin injections provides insight into the
periphery's responsiveness to central control of EOD waveform modulation.
On average, serotonin injections slightly reduced EOD amplitudes of
un-manipulated females. At the highest two doses, DHT implants reversed
this effect, causing mean EOD amplitude to increase.

Females that were

given the two lower doses of DHT showed no response to 5-HT challenge on
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average, although the responses were variable. Though responses from the
high DHT dose females were not statistically different than males, they were
higher than low DHT dose females.

This inherent variability in amplitude

response to 5-HT challenge is not surprising, because males also tend to
exhibit highly varied responses in EOD amplitude to 5-HT challenge (Bethea

et al., 2002).
The TP2 response of DHT-treated females to 5-HT challenge followed
the same trend as amplitude responses. The highest DHT dose group showed
the greatest tP2 response to 5-HT challenge post-implant, while the changes
within individuals were identical across all four DHT doses. This variation in
consistency

suggests that while the TP2 response to 5-HT challenge is

influenced by androgens, the effect

is subject to high inter-individual

variability.

high

The

TP2

response

of

dose

females

masculinized and comparable to male Tp2 responses.

was,

however,

Thus electrocytes in

males and in DHT-treated females are more responsive to central control of
EOD modulations than female electrocytes are.
Another possible explanation for the relative lackluster effect of DHT
on 5-HT challenge response may be found in understanding how steroidal
milieu affects 5-HT system functioning.

Estrogens have been shown to

decrease 5-HT release, reduce the number of 5-HT receptor binding sites,
reduces the efficacy of 5-HT agonists on neuronal firing rate and release of
ACTH

and

corticosterone,

down
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regulate

5-HT

autoreceptor

activity/expression, increase and decrease 5-HT receptor densities in different
areas of the brain, and alter behavioral response to activating different
classes of 5-HT receptors (for review see Markham and Stoddard, 2005).
Although a hormonal profile for B. pinnicaudatusis not currently available, it
is reasonable to postulate that females have higher levels of circulating
estrogens than males and that these hormones may interfere with responses
to 5-HT challenge.
CHANGES IN RESPONSE TO MELANOCORTINS

ACTH

challenges

allow

me

to determine

the

capacity

of the

electrocytes to augment EOD amplitude and TP2, since previous work has
shown that this pituitary melanocortin can induce EOD modulations via
direct action on the electrocytes (Dunlap et al., 1998). High dose DHT female
amplitude responses to ACTH challenge were the same as male responses,
exceeding responses normally displayed by un-manipulated and low DHT
dose females. An interesting distinction from the enhancement I observed in
5-HT responses of females receiving different doses of DHT, the high dose
DHT females produced
amplitude and

TP2.

supra-masculine

responses to ACTH

for both

These supra-responses exceeded normal male responses

to ACTH challenge and suggest that androgens increase the capacity to
respond to melanocortins.

The finding that male and female EOD tP2

responses to ACTH challenge are normally indistinguishable and that DHT
causes treated females to produce a response that greatly exceeds male
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response suggests that DHT is operating on the level of the electrocytes. This
supra-enhancement

may be due to DHT activating

more or different

melanocortin receptors, which in turn alters modulability due to ACTH
challenge.
downstream

Alternately or additionally, DHT might act anywhere farther
of

the

melanocortin

receptor,

including

2nd

messenger

machinery, or the ion channels that make the EOD.
Another important distinction between responses to ACTH and 5-HT is
that male and female ACTH challenge responses in both EOD amplitude and
TP2 do not differ statistically under normal (non-implant) conditions, whereas

males typically show a greater response to 5-HT in both EOD parameters
than do non-implanted females.

This dichotomy suggests that circulating

levels of androgens may in part control electrocyte capacity to respond to
ACTH challenge, but because females have lower levels of the biologically
relevant androgen than males do, their responses to ACTH challenge are also
lower. This level of responsiveness in the periphery appears to be plastic and
modulated, in part by melanocortin peptides.

The responses to 5-HT

challenge did not show the extreme increases due to DHT levels that
responses to ACTH did. This difference between effects of 5-HT and ACTH
suggests that DHT acted peripherally to increase the response of electrocytes
to melanocortins, while its effects on central mechanism appeared less
dramatic. Particularly interesting, DHT caused EOD amplitude of females to
rise in response to 5-HT, whereas before DHT implants, EOD amplitude
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frequently fell. DHT may have reversed central inhibitory effects of 5-HT, or
it may have increased peripheral responsiveness to the point where it
swamped central inhibitory effects.
While these pharmacological challenges demonstrate that DHT alters
the electrocyte's capacity to modulate in response to challenge, the changes
seen in female

EOD circadian

rhythmicity provide insights into how

androgens operate in the brain to mediate EOD waveform plasticity.

The

lack of DHT influence on female amplitude daily minima and nightly maxima
suggests their brain was not masculinized to produce male-like circadian
rhythmicity, even though their responses to challenge demonstrate that the
periphery is capable of producing such cycling.

Increased magnitude of

circadian cycling was, however, observed in DHT female EOD TP2, which
leads to additional questions as to why DHT affected waveform amplitude
and

TP2

so differently.

One possibility is that DHT was not as effective at

stimulating androgen receptors in the brain as it was in the periphery.
Alternatively, these results may imply that the two different teleost androgen
receptors may differ in the role they play in EOD modulability.

Another

explanation is that the implants did not produce a pulsatile release of DHT,
which may be a temporal requirement for amplitude cycling or that another
hormone is involved.
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SUMMARY

My experiments with DHT implants in female B. pinnicaudatusclearly
demonstrate

that

responsiveness

androgens

increase

EOD

to pharmacological challenges.

waveform

plasticity

and

Females increased their

responses to both 5-HT and ACTH challenge, usually with the highest
implant dose producing the greatest effects.

These results imply that

increased levels of circulating androgens enhance the electrocyte's capacity to
show an enhanced response to other neurotransmitters and hormones.
The lack of effect of DHT on EOD amplitude swing suggests that iP2
and amplitude are at least partially regulated by separate mechanisms. My
pharmacological challenges with probes known to affect different levels of the
nervous system gave me a partial answer to my second question of whether
androgenic

effects are central or peripheral.

The dramatic

challenge

responses to ACTH clearly show that the periphery is altered by androgens.
The results for whether

androgens affect the central control of EOD

modulations are not as clear.
I did observe slight changes in response to 5-HT challenge, relative to
the changes that ACTH challenges produced.

Although I know that 5-HT

likely mediates EOD modulations above the level of the electrocyte, it is still
possible that any increases I observed in response to 5-HT were indirect
effects (e.g., changes of downstream effectors) rather than direct action of
androgens on the central nervous system. In addition, other steroid such as
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estrogen, may have affected the response to androgen implants. Androgens
are apparently largely responsible for the sexual dimorphisms I observe in
EOD circadian modulations and in responses to challenge.

The molecular

mechanisms by which androgens are able to exert these influences should
provide informative areas of research in the future.
androgen

d' Apternotus

6 Apternotus

albifrons

11-KT (ng ml-1)

6.12

leptorhynchus

_

0.82±

1.22

0.12

5.33 ± 1.74

0.12

T (ng ml-1)

_

089±
0

0.25

4.21±
4.1

10.6± 2.41

12.2±
3.11

1.0 mg/log

0.3
mg/log

0.1 mg/lOg

0.03
mg/log

95.35*

28.61**

9.54**

2.86**

8.45 ±3.21

T values reported in

Dunlap

et al. (1998)

Eigenmannia
virescens

11-KT (ng ml-1)

0.97 ± 0.26

T (ng ml-1)

1.27 ± 0.41

T values reported in
Dunlap & Zakon

(1988)
B. pinnicaudatus
implant dose this
study

DHT (ng m-1)
*RIA reported

concentrations
**estimated
concentrations

Table 3.1 Androgen profiles in weakly electric fishes. Androgen levels found
in plasma of three species of weakly electric fishes and concentration of DHT
released by implants in the current study. (*) The concentration reported for
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1.0 mg 10g-1 implants was determined by radioimmunoassay by Yerkes
National Primate Research Center. (**) Values were calculated by
extrapolating values from 1.0 mg 10g - 1 RIA assay values.
Amplitude

tP2

Relative swing post
implant

p=0.13

p=0.002

Change in relative

p=038

swing

p=_.38

p=0.08
__=_._8

Table 3.2 Kruskal-Wallis p-values of effect of DHT implants on female EOD
circadian oscillations
Amplitude

5-HT
ACTH

T2

p=0.08
p=0.001

p=0.03
p=0.006

Table 3.3 Kruskal-Wallis p-values of effect of DHT implants on relative
response to pharmacological challenge.
EOD parameters increased in response to pharmacological challenge after
DHT implant (p-values from Kruskal-Wallis test). In general, responses to
ACTH are more statistically robust than responses to 5-HT.

5-HT
ACTH

Amplitude

tP2

p=0.06
=0.007

p=0.23
=0.006

Table 3.4 Kruskal-Wallis p-values of effect of DHT implants on changes in
relative response to pharmacological challenge.
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Using each female as her own control (pre- vs. post-implant) only responses
to ACTH were significantly increased by DHT implants (p-values from
Kruskal-Wallis test).

5-HT
ACTH

Amplitude

TP2

p=0.005
p=0.002

p=0.01
p=0.003

Table 3.5. Kruskal-Wallis p-values of effect of DHT implants on relative
female, DHT-female, and male responses to pharmacological challenge.
Comparison of EOD changes in response to 5-HT and ACTH in the lowest
DHT dose females, the highest DHT dose females, and males found
significant group differences in both parameters. (p-values from KruskalWallis test).
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CHAPTER 4. ANDROGENS ENHANCE RESPONSIVENESS TO SOCIAL CHALLENGE BUT
DO NOT INDUCE SEX-SPECIFIC BEHAVIOR TOWARD CONSPECIFICS USING A FORCED
SOCIAL CHALLENGE PROTOCOL

Females and males often differ in their responses to social encounters
with

conspecifics

and

these

dimorphisms

are

often

the

behavioral

accompaniment to a species' reproductive system (Andersson, 1994; Crews
and Silver, 1985).

Sex differences in behavior are usually attributed to the

actions of gonadal steroid hormones.

Typically, androgens are credited for

generating male-typical behavior and estrogens for female-typical behaviors

(Goy and McEwen, 1980; Kelley, 1988; Kime, 1993; Oliveira et al., 2005).
Recent studies with teleosts argue that gonadal steroids, androgens in
particular, may be more efficient at masculinizing morphologies than the
expression of behavior (Breder and Rosen, 1966; Lee and Bass, 2005; Oliveira

et al., 2001b).
Teleosts are the most species rich vertebrate taxa and they display the
widest diversity and greatest plasticity in reproductive behaviors among
vertebrates (Borg, 1994). At least five different androgens (testosterone (T),
11-ketotestosterone

(11-KT),

hydroxytestosterone

(110-OHT),

OHA4))

have been measured

11-ketoandrostenedione
and

(11-KA),

11p-hydroxyandrostenedione

in teleosts;

their presence

11p(11-

and relative

concentrations vary interspecifically, intersexually, and intrasexually (in
species that exhibit sexual polymorphisms) such that there is no 'typical'
association between a particular hormone and a specific behavior (for
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comprehensive reviews see Kime, 1993; Lissman, 1958).

This diversity in

androgen profiles and androgenic control of behavior among species indicates
that teleosts have much to offer comparative studies investigating the roles of
sex steroids in producing specific behaviors.
Within the teleosts, gymnotiform electric fish have been particularly
well studied in regard to the relationships between steroid hormones and
behavior.

Gymnotiforms of South America, along with the mormyrids of

Africa, are unique among teleosts in producing a weak electric discharge for
navigation and communication (Bennett, 1961; Bennett, 1971; Hopkins,
1983). The electric organ discharge (EOD) is produced by specialized cells, or
electrocytes, that collectively make up the electric organ (EO) (Zakon, 1996).
Waveforms are species specific and sexual dimorphisms in EOD traits are
common, often occurring in the duration of the waveform and/or in EOD
frequency (Hopkins, 1999b; Zakon et al., 1991).

Evidence that androgens

enhance EOD characters in weakly electric fishes is reviewed elsewhere

(Bass and Zakon, 2005; Hopkins et al., 1990; Zakon, 1993, 2000).
Males in the genus Brachyhypopomus (formerly Hypopomus) typically
produce biphasic EOD waveforms with longer second phase durations than
females produce (Hagedorn and Carr, 1985).
non-aromatizable

androgen

Injections or implants of the

5a-dihydrotestosterone

(DHT)

extend

EOD

duration in males, females, and juveniles (Dulka and Maler, 1994; Silva et
al., 1999). Fish in the genus Apternotus produce rapid EOD modulations in
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response to social stimuli, behaviors known as chirps.
produce

chirps

in

response

to

simulated

characteristically

male;

enhancement

of

this

Gonadectomy

feminizes

the

Sternopygus

macrurus

(Gymnotiformes:

electronic

addition of testosterone
behavior

(Dulka

et

frequency

EOD

The tendency to
stimuli

is

(T) or DHT leads to

al.,

1995;

and

Meyer,

duration

Sternopygidae)

1983).

of

male

EODs,

and

concomitantly enhances female EOD frequencies (Meyer, 1983).
All of the available data indicate that treatment with the androgens T,
11-KT or DHT enhances EOD waveform and frequency, that plasma levels of
T and 11-KT are correlated with enhanced waveforms, and that estradiol (E 2 )
induces female-like waveforms in at least some weakly electric fishes (Dulka

and Maler, 1994; Mills and Zakon, 1987; Zakon, 1996; Zakon et al., 1991). A
causal link between gonadal hormones and expression of socially-behavior in
electric fish interacting with other individuals has not been shown.
Earlier

studies

have

quantified

androgen-induced

changes

in

electrocyte morphology, waveform frequency and shape, and an individual's
response to artificial stimuli rather than interactions with another individual

(Dulka et al., 1995; Hagedorn and Heiligenberg, 1985; Zakon, 1996). I know
of no published studies to date that examine whether androgens modify
behavioral responses of electric fish, using a methodology that combines
androgen treatment with social challenges from live conspecifics that interact
with focal individuals.

This question is particularly relevant given that
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modulations in EOD waveform are
evolved

for

use

during

social

communication signals purportedly

interactions,

particularly

reproductive

interactions, and their expression is under gonadal hormone control (Bass
and Hopkins, 1983; Bass et al., 1986; Hagedorn and Carr, 1985; Hagedorn

and Heiligenberg, 1985; Hopkins, 1974, 1991; Landsman, 1991).

In this

experiment I examine the role of androgens in modulating EOD waveform
plasticity and response to social encounters in the weakly electric fish,
Brachyhypopomuspinnicaudatus(Hopkins et al., 1990).
B. pinnicaudatus,the feather-tail knifefish or 'pinni', is a nocturnal
South American gymnotiform fish that produces a sinusoidal biphasic EOD
with prominent sexual dimorphism in the duration of the second phase
(Franchina and Stoddard, 1998).

Males modulate duration of the second

phase (TP2) on a circadian rhythm such that this waveform parameter is
greatest during the peak breeding hours (Silva et al., 1999; Stoddard et al.,
2006a).

This sexual dimorphism in EOD modulation is thought to be

biologically significant and used either in male-male competition for mates or
to signal attractiveness to females (Franchina et al., 2001; Franchina and

Stoddard, 1998; Hagedorn, 1986, 1995; Kawasaki and Heiligenberg, 1989).
Previous

studies have also shown that males differentially respond to

conspecific social stimuli based on sex of the stimulus fish, suggesting sexrelated differences in the expression of social behaviors are also biologically
relevant (Franchina et al., 2001).
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Social isolation leads to diminished EOD amplitude and TP2 in male B.
pinnicaudatus,but these waveform traits can be restored to pre-isolation
levels by the addition of a conspecific stimulus fish. Amplitude and tP2 both
increase during social stimulation, but the speed of each response depends of
the sex of the stimulus fish: amplitude increases more quickly in the presence
of males than females (Franchina and Stoddard, 1998).

Females also

modulate their waveforms, however these modulations are produced less
consistently and are smaller in magnitude than male-typical modulations

(Goldina et al., 2006; Hagedorn, 1995; Silva et al., 1999; Stoddard et al.,
2006a).

Based on these sexual dimorphisms in EOD modulation and in

expression of behavior toward conspecifics, I predicted that androgens are a
likely mechanism

controlling sex differences

in EOD expression.

To

understand the role of waveform modulation in social behavior it would be
useful to compare male and female behaviors under similar circumstances.
My goal for this study was to examine hormonal control of sexually
dimorphic behavior in a species of gymnotiform that has apparently evolved
the most plastic signal compared to other taxa (Dunlap et al., 1998) to further
understanding of hormonal control of this behavior.

Weakly electric fishes

are excellent model systems for exploring these questions because they
appear to have undergone rapid evolutionary changes in the production and
neuroendocrine control of their EOD waveforms (Stoddard et al., 2003). The
specific issues I sought to address were to: (1) document behaviors of male
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and female B. pinnicaudatusin response to social challenge by male and
female fish and (2) determine if androgens alter the behavior of females in
response to these challenges.
METHODS
EXPERIMENTAL DESIGN

Previous studies have indicated that response
challenge

is associated with an individual's baseline

(Hagedorn and Carr, 1985).

of this species to
EOD parameters

For all analyses presented within this paper, I

calculated an individual's response to challenge by calculating relative
change [(peak - baseline) / baseline] to reduce inter-individual variance in
waveforms unrelated to social challenge.

I accounted for inter-individual

variance in female EODs using the following experimental protocol: I
recorded baseline data for each individual, presented male and female
challengers, inserted androgen implants, re-administered social challenges,
and calculated the change in relative response to social challenge (= postimplant relative response - pre-implant relative response).

This protocol

allowed me to use each female as her own control and thereby eliminate
inter-individual differences as a source of variance when analyzing responses
to challenge between implant dose groups.
ANIMALS AND MEASUREMENT SYSTEM

A large breeding colony of B. pinnicaudatusis maintained on Florida
International University grounds in Miami, Florida.
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Fish are kept in 450-1

outdoor stock pools (dimensions: 185 x 95 x 26 cm) covered with water
hyacinth (Eichhornia crassipes) and fed live oligochaete "blackworms" ad
libitum.

Experimental groups (n = 3-8 females) were tested using randomly

sampled fish collected from the outdoor stock pools.

Focal females were

brought indoors and held individually in 284-1 automated measurement
tanks (120 x 44 x 44 cm) for the whole of each experimental trial. Fish were
weighed and measured for total length (TL) before being placed into
recording tanks where they were fed oligochaete blackworms ad libitum
under constant photoperiod (12L: 12D) and temperature (28 *C ± 1 *C)
throughout each trial.

This study was completed using a total of 52 focal

females tested in 11 experimental groups from January 2003 through

December 2005.
IMPLANT FABRICATION

I implanted focal females with 5a-dihydrotestosterone (DHT) at doses
of 0.03 mg, 0.1 mg, 0.3 mg, or 1.0 mg 10 g- 1 body weight (bw). Implant doses
were randomly assigned to individuals across experiments until I had
minimum sample sizes of 6 females per DHT dose.
I chose the non-aromatizable androgen DHT to ensure any changes I
observed in female EODs were the result of androgenic activity and to follow
protocols used in previous research to provide comparable results (Allee et
al., 2007; Few and Zakon, 2001).

DHT implants were made using Dow

silicone mixed with DHT crystals using a method described in detail
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previously (Elsaesser et al., 1989) and following earlier protocols (e.g. Few
and Zakon, 2001; Franchina and Stoddard, 1998).

I sent frozen serum

samples to Yerkes National Primate Research Center at Emory University,
Atlanta Georgia for radioimmunoassay to determine DHT concentrations
delivered by my implants . The results suggest that at their peak effect, my
4 implant doses delivered approximately 95.35, 28.61, 9.54, and 2.86 ng ml-1
of DHT, respectively.
CHALLENGES

Females

were acclimated to the indoor recording tanks without

intrusion for up to three days during which I collected baseline EOD
waveform data for each individual.

I recorded calibrated EODs from freely

swimming females around the clock at intervals of
each trial using an

-1

min for the entirety of

system described in detail previously

automated

(Franchina and Stoddard, 1998; Stoddard et al., 2003).
peak-to-peak

amplitude

(mV cm

1

I measured EOD

measured at 10 cm as described in

(Hagedorn and Zelick, 1989)), TP2 (ms), and the day-night changes, or swing,
in amplitude and Tp2 . I measure Tp2 as the time constant of the exponential
decay of the second phase of the EOD (Fig. 4.1.).
In captivity, gymnotiform electric fish readily hide in narrow tubes and
males in particular are noted for defending their hiding tubes against
intruders (Hopkins, 1991).

To determine how androgens change behavior

directed toward conspecifics in competitive social situations, I challenged
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each female by introducing a sexually mature male or female into her hiding
tube.

Challengers were randomly

sampled from outdoor stock pools

immediately prior to a social challenge

and their weights and lengths

recorded. I took advantage of the ceramic tubes in the center of the tanks in
the automated data collection system to create these forced social encounters.
I compelled focal females

to interact with their challengers by

confining pairs in the ceramic hiding tubes located in the center of each
recording tank. I blocked one end of the tube with polyester filter fiber while
the focal female was inside the tube, then gently guided the challenger into
the tube by hand, and blocked the second opening with more filter fiber. I
continued to record EODs from each tank throughout each social challenge.
After challengers had been in the tubes with the focal females for 45 minutes,
I unblocked both ends of the tube and removed the challenger. Challengers
were then returned to their outdoor pools and I continued to collect data from
the focal females.
I paired challengers with focal females randomly with regard to size to
reduce potential covariation between relative size and female response to
challenge.

B. pinnicaudatus are easily sexed

morphologies

(Hopkins

et al.,
focal

1990;

Siegel

females

and

due to

and

dimorphic

Castellan,

male

1988);

challengers

tail
so

distinguishing

between

was

unambiguous.

Differentiating between focal females and their female

challengers was occasionally difficult, particularly when the pair did not
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differ greatly in size and/or when there were no distinguishing characteristics
available to differentiate between the two females.

For any dyads where

there was uncertainty in the focal female identity after the conclusion of the
challenge, both females were re-weighed and measured to ensure the correct
female remained in the tank.
I also tested focal males (n=6) with both male and female challengers
using the same experimental protocols.

This provided data on male

responses to the same SC and allowed me to make direct comparisons
between female,

DHT-implanted female,

and male responses

to social

challenge.
I organized the response to challenge data two ways for statistical
analysis.

First, I subtracted an individual's pre-implant response from her

post-implant response to challenge to measure the effect of DHT on behavior.
Thus I used each female as her own control to further reduce inter-individual
variance in EOD waveform not related to the social challenges.

The second

way I characterized the effect of DHT on response to challenge was to
compare only the post-implant female

responses between

the different

implant dose groups to determine effect of dose on female behaviors.
I analyzed all data using Kruskal-Wallis tests using sex of challenger
as the dependent variable. I report the Kruskal-Wallis test statistic (H) and
p-values for all tests (H, p-value).

Data analysis was generated using SAS

software, Version 9.1.3 of the SAS System for Windows and Matlab, Version
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7.1, The MathWorks, Inc. Significant omnibus tests (p < 0.05) were further
analyzed using a pairwise, two-tailed comparison of Kruskal-Wallis mean
scores with Bonferroni adjustment (Lee and Bass, 2005).
RESULTS
FEMALE SOCIAL BEHAVIOR

Prior to receiving DHT implants, females enhanced their EOD TP2 by
approximately 20% in response to both female and male social challengers. In
contrast, their amplitude increased less than 3% on average and frequently
decreased after social challenge (Table 4.1.).

I analyzed pre-implant female

response to challenge for both female and male challengers and found no
differences in either amplitude or TP2 response. To avoid confusion between
challenge type and EOD waveform parameter measured, all Kruskal-Wallis
p-values are provided in the figures. When significant differences were found
between groups, different letters designate pairs that differed from each
other.
EFFECTS OF DHT

Females that were implanted with the highest dose of DHT began to
develop secondary sexual characteristics within one week of implantation.
Their tails broadened and became feathered

at the tip, more closely

resembling male tail morphology than female tails (Fig. 4.2.).
quantify these changes further.
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I did not

FEMALE CHALLENGE

DHT

implants

increased

following female challenge.

the

magnitude

of EOD

augmentation

Pre- and post-implant difference in female

amplitude (H= 9.1, p= 0.03) and tP2 (H= 16.01, p=0.001) response to challenge
was greatest in females implanted with the two high doses of DHT. The post-

implant amplitude (H= 18.5, p= 0.0004) and TP2 (H= 17.21, p=0.0006)
responses were greatest in the group that received the highest DHT dose

(Fig. 4.3.).
MALE CHALLENGE

Androgen implants also increased the magnitude of female responses
to male challengers.

Females in the three highest implant dose groups

showed a larger increase in response to challenge in their EOD amplitude
(H=8.3, p=0.04) and TP2 responses (H= 7.8, p=0.05) to male challenge than
females implanted with the lowest dose of DHT did. The post-implant female

amplitude (H=12.9, p=0.005) and TP2 (H=11.4, p=0.01) responses followed a
similar trend (Fig. 4.4.).
Both the change in response to male challenge and the post-implant
responses to male challenge appeared to show an approximately linear effect
of DHT dose on amplitude and tP2 response (Figs. 4.3 and 4.4.).

The

variability in female responses to both challenge types was greatest in tP2
compared to amplitude, and was greatest at the highest DHT implant doses.

79

This effect was particularly

noticeable in the TP2 responses

to male

challengers.
FEMALE RESPONSE COMPARED TO MALE RESPONSE

I found no differences between male and female responses to challenge
in either inter- or intrasexual challenges (Fig. 4.5.). DHT female responses to
both types of social challenge were much greater for both EOD amplitude and
tP2 compared to male and female responses (female challenge: amplitude

H=19.8, p<0.0001;

tP2

H=26.1, p<0.0001; male challenge: amplitude H=20.9,

p<0.0001 and; TP2 H=19.5, p<0.0001).

Treatment with DHT clearly resulted

in exaggerated female response to challenge for both waveform parameters.
WAVEFORM CHANGES

Among all fish tested, tP2 responses to social challenge were greater
than amplitude responses and my social challenge paradigm revealed no
significant differences in male and female behaviors toward intrasexual or
intersexual challengers (Table 4.1.). The only distinction I observed when I
compared female, male, and DHT female behaviors was that prior to
implantation with DHT, females often

reduced their amplitudes in response

to both female and male challengers (Figs. 4.3 and 4.4.).

While the mean

change in amplitude was positive, female amplitude responses to social
challenges

were

highly

variable

with

amplitudes in response to challenges.

some

females

decreasing

their

In contrast to EOD amplitude, no

females decreased tP2 after social encounter. Females were the only group I
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tested that showed a decrease in an EOD parameter over the time course of
an hour, and then, only in EOD amplitude following social challenge.
DISCUSSION

Evidence
masculinizing

suggests
morphology

that

androgens

or exaggerating

may

be

existing

more

efficient

at

traits rather than

inducing the expression of masculine behaviors, per se (Allee et al., 2007;
Oliveira et al., 2001a; Oliveira et al., 2001b).
tend to support this proposal.

Results from my experiments

I found evidence

that androgens affect

behavioral change in weakly electric fish by altering electrocyte capacity to
respond to challenges but do not modify the pattern of behavior expressed
towards conspecifics.
In a companion study, I examined the effects of androgens on the
plasticity and responsiveness of female electrocytes and their capacity to
modulate in response to pharmacological challenges

with serotonin and

ACTH (Franchina et al., 2001). I found that introducing androgens leads to
an increased female

responsiveness

to pharmacological

augments the magnitude of female response to challenge.

challenge

and

While measuring

response to ACTH challenge informs me about the mechanistic capacity of
electrocytes to generate an enhanced social signal, measuring response to
social challenge addresses the higher-level question of how steroid hormones
influence the expression of social behavior.

A previous study in which B.

pinnicaudatus interacted freely through a mesh divider revealed that males
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produce larger modulations of EOD waveform in response to males than
females (Stoddard, 2006). Unexpectedly, the current study found no such sex
differences in response to forced social challenges. The percentage of change
in amplitude and TP2 were the same in both sexes and neither sex responded
differentially to inter- versus intrasexual encounters. Nonetheless, addition
of DHT resulted in striking exaggeration of female responses to encounters
with either sex.
Instead of uncovering sexual dimorphisms in response to forced social
challenge, I appeared to uncover a general increase in responsiveness and/or
in sensitivity to social stimuli due to androgens and a paradox in male and
female expression of behavior.

Both the female change in response to

challenge and the post-implant response to challenge increases were related
to implant dose, which supports my interpretation that androgens facilitate
level of responsiveness rather than orchestrating a suite of male-typical
social behaviors.

This leaves confusion as to why I found no differences in

expression of behavior toward the two sexes, given that previous studies
demonstrated these differences exist.
One possible explanation for this discrepancy could be that my forced
social challenge paradigm simulates a different sort of social encounter than
one created when fish interact at will through a plastic screen.

I employed

forced encounters (i.e. fish in the same hiding tube) rather than unforced
encounters based on previous data showing that this protocol reliably elicits
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rapid EOD modulations.

If the challenges are unforced, then fish do not

begin to interact and change their EODs until nightfall (VL Salazar, unpubl.
data, in Narins and Capranica, 1980).

The two sexes appear to elicit

different magnitudes of response in these two experimental paradigms.

I

observed qualitative differences in focal female behavior toward female
versus male challengers that statistical analysis did not capture.

Focal

females were more likely to rush out of their hiding tubes as a female
challenger was being put into the tube than they were when males were
being put in. Females tended to leave the hiding tubes faster than males did
when the tubes were unblocked at the end of a challenge and it was common
for either or both females to exhibit signs of physical damage (e.g. cuts,
scrapes) following female challenge.

This tended not to be the case with

male challengers.
Females seemed to readily share their tubes with males and signs of
agonistic interactions were rare after male challenges.

It is possible that

these fish simply became stressed by being locked in their tubes and any
differences in reaction toward females and males were anomalous; but this
seems unlikely. I often encounter pinnis that take a long time to settle into
their tanks after being brought indoors.

I have found that one of the best

ways to calm these fish down and encourage them to stay inside the tubes so
I can collect data is to block one end of the tube with this fiber. Pinnis appear
to welcome having this material to burrow in to, perhaps because it mimics
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plant roots in which pinnis normally seek refuge. These observations lead me
to suspect that the differences I observed in female reaction to other females
are indicative of real differences in behavior toward conspecifics and should
be

investigated

further.

Evidence

interactions exists in electric fish.

supporting female-female

agonistic

In the congener B. brevirostris,female

dyads have been found to fight more aggressively for exclusive use of a
shelter tube than do male dyads (W.G.R. Crampton, pers. com.).
The goal of this study was to measure how androgens modify
behavioral responses and I wanted to eliminate as much non-challenge
specific inter-individual variability as possible. Interpreting absolute versus
relative changes in EOD waveform provides information on different aspects
of biologically relevant traits in this fish.

Relative

measures of EOD

waveform allow me to compare changes in an individual's capacity to respond
to a specific challenge based on a particular treatment (e.g. DHT versus
control). Comparing relative data standardizes my measures of responses to
challenges and eliminates the inter-individual variability in EOD caused by
social context.

Yet the variability I controlled in the present experiments

may be precisely the variability that explains the social significance of an
individual's capacity to respond, the trait I measured here. Studies currently
underway in Dr. Stoddard's laboratory are investigating just this question of
how social context alters EOD expression and how it leads to different
patterns of waveform modulations.

The results from the present study
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complement these investigations by addressing the mechanisms that may
underlie this social regulation of the EOD.
The fact that males and females show the same relative responses to
forced

social

challenges

suggests

that

the

physiological

mechanisms

underlying modulations of the EOD in response to social encounters may be
the same in both sexes.
exaggeration

of

The fact that introducing androgens resulted in

responses

suggests

that

my

implants

altered

the

physiological machinery involved in producing waveform modulations, i.e. I
altered the electrocyte's capacity to respond to challenge.
Because I only found changes in the magnitude of response and not in
the pattern of response to different sexed challengers, this seems to indicate
that the mechanisms

controlling the expression of social behaviors in

different contexts are not androgen dependent.

The results from my study

lead to interesting questions that must be addressed before I can fully
understand the hormonal control of EOD modulations in pinnis.

I need to

address the lack of information available regarding the biological relevance of
EOD modulations before I can fully interpret the results of this and other
studies on the role of androgens in affecting EOD modulations.
modulations in t signal aggressive intent?

Do rapid

What types of female-female

interactions exist and when are they displayed? Why do I see such disparate
responses to social challenge in the TP2 and amplitude waveform parameters?
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It is tempting to speculate that the EOD is a complex, multicomponent
signal

comparable

to

the

coqui

call

of

Puerto

Rican

tree

frogs

Eleutherodactylus coqui (Backwell and Passmore, 1996), fiddler crab waves
(Gibson, 1996; Pope, 2000), grouse-calls (Scheuber et al., 2003a), and cricket
chirps (Kelley, 1988; Scheuber et al., 2003b).

If the EOD was a complex

signal, it might be possible that TP2 and amplitude broadcast different
information about the signaler and that they are aimed at different receivers.
If males compete for females or actively attract females, then courtship is a
characteristic male behavior (Hagedorn and Heiligenberg, 1985). The role of
EOD modulations characteristic of males in B. pinnicaudatushave putatively
been assigned as mate attraction although this has yet to be demonstrated
experimentally

(Hagedorn,

1988; Hopkins et al.,

1990; Kawasaki

and

Heiligenberg, 1989; Silva et al., 1999; Stoddard, 2002; Wilhelmi et al., 1955).
Curtis and Stoddard (2003) demonstrated that females chose longer males
when given the choice between two males of unequal size.
currently

being

conducted

on

male-male

interactions

Research

suggests

that

intrasexual variations in behavioral response to social challenge are present
in B. pinnicaudatus and that male-male competition is a relevant social
interaction (VL Salazar, unpubl obs).
suggest

female-female

competition

Likewise Crampton's observations

can

Crampton, pers. com.).
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be

extremely

intense

(W.G.R.

Additionally,

my results tentatively eliminate

androgens as the

proximate hormonal modulators of expression of social behavior in pinnis.
Future work should address what other factors may regulate social behavior.
A good place to start would be to look at whether pinni EODs are modified by
introduction of AVT. Research has shown that this neuropeptide is involved
in the expression of reproductive behaviors in teleosts and is an unexplored
avenue in electric fish (Foran and Bass, 1998; Godwin et al., 2000; Goodson

and Bass, 2000a, b, 2001; Grober and Sunobe, 1996; Knight et al., 1990;
Macey et al., 1974; Oliveira et al., 2005; Ota et al., 1999; Pickford and

Strecker, 1977; Zakon et al., 1991).
SUMMARY

The exaggerated responses exhibited by DHT females combined with
the evidence that males and females do not differ in their responses to my
behavioral challenge imply that other factors are involved in regulating EOD
waveform modulations in social contexts.
may

also

be

true

for

Sternopygus.

Zakon et al. (2001) suggest this
They

found that

high plasma

concentrations of androgens always coincided with production of dominant
male EODs, but the masculinity of EODs was more variable when androgen
levels were low. They proposed that androgens might have the foremost role
in producing masculine EODs, but that other factors may be important when
androgen levels are low.
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The differential responses based on sex of the stimulus fish that
observed might not be androgen dependent. Because I saw no change in the
patterns of behavioral expression that females displayed toward either males
or to females, and because no changes in responsiveness of Tp2 and amplitude
were

found,

it appears

that the

immediate

control

of social

signal

enhancement may not be androgen dependent in B. pinnicaudatus. The
ability to develop

masculine

electrocytes

and to maintain

a level of

responsiveness to stimuli does appear to be androgen dependent; however the
production of socially relevant behaviors using these enhanced structures
appears to be dependent on other factors.

88

Phase 1

amplitude

Phase 2

y = a*e(-t/P2)

1 ms
Figure 4.1. Measurement of Brachyhypopomus pinnicaudatuselectric
organ discharge (EOD) parameters. Amplitude was measured peak-topeak for the entire waveform. The time constant of repolarization (TP )
2
was estimated by fitting an inverse exponential function fit to the decay

segment of phase two.
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Figure 4.2. Implanting DHT causes females to develop secondary sexual
characteristics.
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